The understanding of the processes underlying organellar function and inheritance requires the identification and characterization of the molecular components involved. We pursued a genomic approach to define the complements of genes required for respiratory growth and inheritance of mitochondria with normal morphology in yeast. With the systematic screening of a deletion mutant library covering the nonessential genes of Saccharomyces cerevisiae the numbers of genes known to be required for respiratory function and establishment of wild-type-like mitochondrial structure have been more than doubled. In addition to the identification of novel components, the systematic screen revealed unprecedented mitochondrial phenotypes that have never been observed by conventional screens. These data provide a comprehensive picture of the cellular processes and molecular components required for mitochondrial function and structure in a simple eukaryotic cell.
INTRODUCTION
Mitochondria are essential organelles of eukaryotic cells. They carry out a variety of metabolic processes including reactions of the tricarboxylic acid cycle, iron/sulfur cluster assembly, and biosynthesis of many cellular metabolites (Scheffler, 2000) . Their most prominent function, however, is to supply the cell with energy generated by oxidative phosphorylation (Saraste, 1999) . The cellular role of mitochondria is reflected by their structure. They are complex double membrane-bounded organelles with a characteristic morphology and intracellular distribution. Inheritance and morphogenesis depend on active transport along the cytoskeleton and continuous membrane fission and fusion events (Bereiter-Hahn and Vö th, 1994; Griparic and van der Bliek, 2001) . The understanding of the processes underlying mitochondrial function and inheritance requires the identification and characterization of the molecular components involved. During the past few decades many of the proteins required for respiratory growth (Tzagoloff and Dieckmann, 1990; Contamine and Picard, 2000) and establishment and maintenance of mitochondrial structure Jensen et al., 2000; Boldogh et al., 2001b) have been identified in yeast. The advent of the postgenomic era allows us to conduct systematic genomewide screens to define whole complements of genes associated with particular functions (Winzeler et al., 1999; Vidan and Snyder, 2001) .
The fact that Saccharomyces cerevisiae is a facultative anaerobic yeast capable of satisfying its energy requirements with ATP generated by fermentation is the reason why only relatively few mitochondrial proteins are essential for cell viability. These are restricted to a handful of factors essential for import, processing, and folding of precursor proteins, iron/sulfur cluster assembly, and flavin mononucleotide synthesis. This makes budding yeast an ideal organism for dissecting the molecular processes required for maintenance of respiratory-competent mitochondria. Its mitochondrial genome encodes eight proteins that are all essential for oxidative phosphorylation. Despite the capacity of mitochondria to encode and synthesize proteins, a vast array of genes located in the nucleus is required for respiratory competence. Mutants in these genes are commonly referred to as nuclear petite or pet mutants (Tzagoloff and Dieckmann, 1990) . The Munich Information Center for Protein Sequences (MIPS; Mewes et al., 2000) currently lists 171 yeast open reading frames (ORFs) that are required for respiratory growth (http://mips.gsf.de/proj/yeast/catalogues/phenotype/fc42_25_20.html).
Mitochondria are amazingly dynamic organelles. Their morphology and distribution reflects the energy requirements of the cell (Bereiter-Hahn, 1990; Warren and Wickner, 1996; . In S. cerevisiae, mitochondria form a branched tubular network below the cell cortex (Hoffmann and Avers, 1973; Stevens, 1981) , the continuity of which is maintained by active actin-dependent transport and balanced membrane fusion and fission events (Nunnari et al., 1997; . Morphological screens of randomly mutagenized yeast samples using mitochondria-specific fluorescent dyes have proven to be very successful for the identification of some key components required for maintenance of this complex structure (McConnell et al., 1990; Burgess et al., 1994; Hermann et al., 1997; Sesaki and Jensen, 1999) .
Here, we report on the systematic screening of a yeast deletion mutant library covering the nonessential genes to define the sets of genes involved in mitochondrial structure and function. A total number of 341 ORFs was identified to be required for respiratory growth, 38 of which encode unknown proteins. Mutants with aberrant mitochondrial morphology include 5 known genes that were not previously implicated in mitochondrial morphogenesis and 10 genes encoding novel components. These data provide a comprehensive picture of the cellular processes and molecular components required for respiratory growth and inheritance of mitochondria with a normal morphology in yeast.
MATERIALS AND METHODS

Yeast Genetic Methods
Cultivation of yeast was according to standard procedures (Sherman et al., 1986) . The homozygous diploid knock out library was constructed by an international consortium of yeast laboratories (Winzeler et al., 1999) . It was obtained from Research Genetics (Huntsville, AL). A list of strains present in the library is available at the company's website (ftp://ftp.resgen.com/pub/deletions/ Homo_diploids_061101.txt) or from the authors upon request.
Screening for pet Mutants
After completely thawing 96-well plates, cells were transferred to yeast extract/peptone/glucose (YPD) and yeast extract/peptone/ glycerol (YPG) plates using a sterile pinning tool. Plates were incubated at 30°C for 2 (YPD) or 3 (YPG) days before the growth behavior was examined.
To obtain an estimate of the saturation of the genome-wide screen, we compared our results with the published information about yeast mitochondrial ribosomal proteins. Seventy-one nuclear genes encoding mitochondrial ribosomal proteins are known, according to the Yeast Proteome Database (Costanzo et al., 2001) . Deletions of 62 of these genes are present in the library, and the observed growth phenotypes of 61 of these mutants correspond to published phenotypes (for detailed information see supplemental Table 1 ). From these numbers we estimate that the knock out library is 80 -90% saturating for all nonessential yeast ORFs. In addition, some genes encoding very small proteins of Ͻ100 amino acid residues-which are only partially covered by the library-and genes encoding proteins that perform redundant functions might have been missed during the screen.
Screening for mdm Mutants
Logarithmically growing yeast cultures in YPD medium were stained with 0.1 M rhodamine B hexyl ester (Molecular Probes, Eugene, OR) and inspected by standard fluorescence microscopy (Prokisch et al., 2000) . Screening was repeated for strains that showed aberrant mitochondrial morphology or that did not stain well because of a lack of mitochondrial membrane potential. The second round of screening was performed by a different individual and included a number of wild-type strains as a control. Mutant strains (n ϭ 268) that reproducibly did not exhibit wild-type mitochondria were transformed with plasmid pVT100U-mtGFP expressing mitochondria-targeted GFP . All transformants were screened at least two more times for mutants with aberrant mitochondrial morphology. All rounds of screening were performed without reference to strain identity. For all clearly identified mutants correct gene disruption was confirmed by PCR, and the mitochondrial phenotype was confirmed in a haploid genetic background (haploid deletants were obtained from EUROSCARF, Frankfurt, Germany; http://www.uni-frankfurt.de/ fb15/mikro/euroscarf/). Strains that for different reasons failed to give a clear result are listed in supplemental Table 2 .
RESULTS
Genes Needed for Respiratory Growth
To define the molecular basis of respiratory competence, we systematically screened a library containing deletion mutants of 4794 nonessential yeast genes for strains that are respiratory deficient. Yeast knock out strains were plated on media containing the fermentable carbon source glucose or the nonfermentable carbon source glycerol and scored for mutants unable to grow on glycerol. A total number of 341 ORFs were identified to be required for respiratory growth (Figure 1 ; supplemental Table 3 ). More than half of the identified pet genes encode known mitochondrial proteins, the majority of which is devoted to replication, transcription, and translation of the mitochondrial genome or assembly of the respiratory chain. A large fraction of the pet genes encoding known nonmitochondrial proteins is associated either with vacuolar functions or encodes nuclear transcription factors. The remainder is associated with a variety of Figure 1 . Distribution of functional classes of known and newly identified yeast pet genes using criteria from the Yeast Proteome Database (Costanzo et al., 2001) . Numbers indicate the number of pet genes falling into each functional class. An annotated list of all identified pet genes catalogued according to their cellular function can be found in supplemental Table 3 . mt, mitochondrial. different cellular functions, and failure to grow on glycerolcontaining medium might be due to cumulative effects of a compromised general cell physiology. Seventeen percent of the pet mutants contain deletions in ORFs of unknown function. We classified 22 of these as questionable ORFs because they overlap with other genes that encode known or conserved proteins. Thirty-eight ORFs encode so far unknown proteins that presumably play important roles in the maintenance of respiratory-competent mitochondria.
Genes Needed for Mitochondrial Distribution and Morphology
To obtain a more complete understanding of the molecular machinery determining mitochondrial behavior, we conducted a systematic genome-wide screen for genes important for mitochondrial distribution and morphology (MDM; McConnell et al., 1990) . Yeast knock out strains (n ϭ 4794) were stained with mitochondria-specific probes and screened for mutants with aberrant mitochondrial morphology. The isolated mdm mutants were grouped into three classes. Class I mutant genes encode proteins that are essential for establishing wild-type mitochondrial morphology. For these mutants, cells with wild-type-like mitochondria were never observed (see below). Mitochondria of class II and class III mutants were often fragmented or aggregated; however, a certain subfraction showed wild-type-like morphology (supplemental Table 4 ). Thus, these genes are considered as not being essential for establishment of normal mitochondrial structure.
Class II mutants are respiratory competent. This class includes strains that appear to exhibit mitochondrial morphology defects only under certain conditions, such as clu1, mdm20, ptc1, and yme1 (Campbell et al., 1994; Hermann et al., 1997; Fields et al., 1998; Roeder et al., 1998) . Interestingly, three genes involved in biosynthesis of ergosterol, ERG6, ERG24, and ERG28, fall into this class. This is consistent with a role of ergosterol in membrane fusion that was recently demonstrated by a similar approach aimed at the identification of vacuolar inheritance components (Kato and Wickner, 2001) .
Class III mutants display a pet phenotype in addition to their mitochondrial morphology defect. It has been known for a long time that loss of respiratory function often results in the loss of inner membrane cristae (Pon and Schatz, 1991) . Because processes of mitochondrial morphogenesis are intimately linked to connection of the mitochondrial outer and inner membranes (Aiken Hobbs et al., 2001; Fritz et al., 2001) it is conceivable that changes in the structure of the inner membrane may affect the global structure of the organelle (Wong et al., 2000) .
Among the class I mutants are eight genes that are known to encode key components of the machinery of mitochondrial morphology. In addition, we identified 10 previously uncharacterized genes as being essential for the establishment of normal mitochondrial morphology (Table 1) . Four of these genes, MDM31, MDM32, MDM37, and MDM38, encode proteins of unknown function that are predicted to be located in the mitochondrial inner membrane. Mutants of the closely related mdm31 and mdm32 genes contain compact mitochondrial aggregates (Figure 2, C and D) . In contrast, mdm37 mutant cells harbor mainly fragmented mitochondria with very few short tubules ( Figure 2I ) resembling mutants defective in mitochondrial fusion Rapaport et al., 1998; Fritz et al., 2001; Sesaki and Jensen, 2001) . Mitochondria of cells lacking the evolutionarily conserved Mdm38 protein appear enlarged with very few branches and often form rings or lariat-like structures, a phenotype that was never reported before ( Figure 2J ).
Two genes, MDM33 and MDM39, encode predicted membrane proteins lacking a clear mitochondrial presequence. Most mdm33 mutant cells exhibit giant ring-like mitochondrial structures, an unprecedented phenotype ( Figure 2E) , whereas the mdm39 mutant shows fragmented mitochondria ( Figure 2K ).
Four components, Mdm30p, Mdm34p, Mdm35p, and Mdm36p, do not have predicted presequences or transmembrane domains. The mdm30 mutant displays many fragmented or aggregated mitochondria with only very few short tubules ( Figure 2B ). Mutants with deletions in the mdm34 gene ( Figure 2F ) or the overlapping questionable ORF ygl218w (not shown) have spherical mitochondria, similar to mdm10, mdm12, and mmm1 mutants (Burgess et al., 1994; Sogo and Yaffe, 1994; Berger et al., 1997) , and sometimes single tubules extending through the cell. Mitochondria of cells lacking the small, highly conserved Mdm35 protein are spherical ( Figure 2G ), whereas the organelles of the mdm36 mutant are mostly aggregated at one side of the cell ( Figure 2H ).
Five genes were identified that encode known proteins that were previously not implicated in mitochondrial morphogenesis (Table 1 ). The tom7 mutant displays aggregated, often fenestrated mitochondria that are unevenly distributed in the cell ( Figure 2P ). Tom7p is a component of the general preprotein import complex of mitochondria and plays an important role in the insertion of proteins into the outer membrane (Hö nlinger et al., 1996) . We propose that Tom7p is required for the insertion of one or several morphogenesis factor(s) into the outer membrane. A reduced import of this factor(s) would consequently lead to an abnormal mitochondrial morphology. Deletion mutants of num1 ( Figure 2N ) and the overlapping questionable ORF ydr149c display highly aggregated mitochondria. Num1p is a cell cortexassociated protein involved in nuclear migration (Kormanec et al., 1991; Heil-Chapdelaine et al., 2000) . Our data assign to Num1p an additional function in positioning of mitochondria. Arg82p, a nuclear inositol 1,4,5-trisphosphate kinase, Mot2p, a global transcriptional repressor, and Ref2p, an RNA processing factor, each influence the expression of a large number of different genes (Cade and Errede, 1994; Dubois and Messenguy, 1994; Irie et al., 1994; Russnak et al., 1995; Odom et al., 2000) . The pronounced mitochondrial phenotypes of these mutants (Figure 2 , L, M, and O) can be sufficiently explained by the assumption that expression of at least one crucial protein is affected.
DISCUSSION
With the completion of a comprehensive genome-wide screen the number of genes implicated in mitochondrial function and morphology has been more than doubled. The systematic approach enabled the identification of a number of components that have been missed by classical approaches that typically were based on the screening of collections of temperature-sensitive mutants generated by ran-dom mutagenesis . Most notably, the systematic screening of a deletion mutant library revealed a number of mdm mutants lacking an obvious growth defect (e.g., mdm30, mdm33, mdm35, mdm36, mdm38, mdm39 ) that presumably could not be easily identified by conventional genetic screens. This illustrates the power of the genomic approach that should turn out to be equally fruitful also for the study of many other cellular processes.
What might be the cellular roles of the newly discovered MDM genes? Only in two cases the predicted protein sequence is suggestive of a function. MDM30 encodes a protein of unknown function that contains an F-box, a motif involved in targeting of proteins to ubiquitin-dependent proteolysis (Patton et al., 1998) . Furthermore, high-throughput two-hybrid analysis (Uetz et al., 2000) identified Mdm30p as a possible interaction partner of Cdc53p and Skp1p, two core components of the SCF (Skp1p-cullin-Fbox) complexes, which target proteins for ubiquitin-dependent degradation (Skowyra et al., 1997) . Because it is known that protein ubiquitination is important for mitochondrial inheritance (Fisk and Yaffe, 1999) , we propose that Mdm30p is a novel factor involved in this process. MDM38 encodes a protein that shares homology with a mitochondrial protein of unknown function of Drosophila, the CG4589 gene product (Caggese et al., 1999) . This protein is a calcium-binding protein that contains two EF hand calcium binding domains. It will be interesting to see whether Mdm38p plays a role in calcium homeostasis of mitochondria and thereby influences organellar morphology.
During the past decade, several genetic and morphological screens have revealed a number of important components involved in mitochondrial inheritance, yet many processes determining mitochondrial behavior are not well understood. These include the machinery connecting mitochondria to the actin cytoskeleton (Simon et al., 1995; Boldogh et al., 1998 Boldogh et al., , 2001a , proteins cooperating with Fzo1p Rapaport et al., 1998; Fritz et al., 2001) or Ugo1p (Sesaki and Jensen, 2001) in mediating mitochondrial membrane fusion, and components shaping the internal structure of mitochondria (Wong et al., 2000) . The proteins encoded by the majority of the newly identified MDM genes do not share homology to other known proteins. Their varied and striking mutant phenotypes suggest that they are important players in a number of different processes contributing to the morphogenesis of mitochondria. The relatively small number of newly identified components sug- (Costanzo et al., 2001) . Presequence: e, experimentally determined; numbers indicate the likelihood of mitochondrial import as predicted by the MITOPROT program (Claros and Vincens, 1996 ; maximum score is 1).
K.S. Dimmer et al. gests that the screen was rather specific. It is important to note, however, that our results were obtained with null alleles. Thus, it cannot be excluded that some of the newly identified genes perform primary functions not directly related to mitochondrial morphogenesis and that the mitochondrial phenotypes might be due to indirect effects accumulating in the deletion strains. It will be a major challenge for the future to establish the molecular functions of the newly discovered proteins and to unravel the interactions among the components of mitochondrial behavior. These studies will certainly improve our understanding of the mechanisms that shape this complex double membranebounded organelle.
The results of the screen suggest that most of the proteins constituting the core machinery of mitochondrial morphogenesis uniquely affect this organelle. With the exception of the dynamin-related proteins Dnm1p and Mgm1p, none of the key components of mitochondrial inheritance shares homology with any other known protein involved in membrane trafficking events of other organelles. Vice versa, besides Num1p, none of the components involved in biogenesis of other organelles was found to be essential for normal mitochondrial structure. It appears that Nature invented an entirely new machinery of organelle maintenance after the endosymbiotic ancestors of mitochondria entered the eukaryotic cell. 
